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TENSIONS AND ANOMALIES IN COSMOLOGY

HUBBLE PARAMETER (Ho)

Some intriguing cosmological tensions and anomalies

~ TENSION BETWEEN CMB AND LOCAL MEASUREMENTS

Alens > |

MATTER CLUSTERING (Qnw/ 08/ Ss)
S — tension

-~ TENSION BETWEEN CMB AND WEAK LEASING SURVEYS

Q, <0

LENSING AMPLITUDE (Aiens) AND CURVATURE (Qk)

-~ MODERATE PLANCK PREFERENCE FOR HIGHER LENSING AMPLITUDE AND CLOSED
UNIVERS
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H, — tension

NEUTRINOS (My) AND EARLY UNIVERSE RADIATION (Neff) Negr < 3

- MILD ACT PREFERENCE FOR THE NEUTRINO MASS AND Nefi<3
a; > 0

> mv>0

RUNNING(S) OF INFLATIONARY SPECTRAL INDEX (Os)

- SLIGHT ACT PREFERENCE FOR A RUNNING OF THE SPECTRAL INDEX (s >0




DIRECTIONS IN BEYOND ANCDM COSMOLOGY

PARAMETRIC EXTENSIONS TO ACDM EXTENSIONS TO FUNDAMENTAL PHYSICS

MORE PRECISE OBSERVATIONS WILL OFFER US THE POSSIBILITY TO
USE COSMOLOGY AS A LABORATORY TO TEST FUNDAMENTAL PHYSICS

WE CAN RELAX SOME ASSUMPTIONS OF ACDM AND INTRODUCE
ADDITIONAL PARAMETERS

A CDM + Z P; EXTENSIONS TO GR

MODIFIED GRAVITY THEORIES ABLE TO CAPTURE THE UNDERLING
PHENOMENOLOGY OF THE EARLY AND LATE TIME UNIVERSE.

pi € {Q . dn/dlogk Ny, Y m,, ...]

OR EVEN DIFFERENT PARAMETERIZATIONS FOR THE DARK SECTOR
EXTENSIONS TO SM

X CDM EXTENSIONS TO THE SM WITH ADDITIONAL SPECIES/ DM CANDIDATES

X e A, Wy, WgW,, ...}




EXTENDED MODELS

XCDM + Y p; € {Q,, Nz, > m,,dn/dlogk}
Xe{A,w)

CURVATURE (Q%)

WE EXPLORE CURVED BACKGROUND GEOMETRIES PARAMETRIZED BY
THE CURVATURE DENSITY PARAMETER

NEUTRINOS (My) AND EARLY UNIVERSE RADIATION (Neff)

WE CONSIDER NEUTRINOS AS MASSIVE PARTICLES, AS ROBUSTLY
INDICATED BY OSCILLATION EXPERIMENTS

WE CHANGE THE AMOUNT OF RADIATION IN THE EARLY UNIVERSE BY
THE EFFECTIVE NUMBER OF RELATIVISTIC PARTICLES

DARK ENERGY (W) AND INFLATION (ds)

WE RELAX THE ASSUMPTION W = WA= —1 FOR DARK ENERGY EQUATION OF STATE

WE RELAX WE RELAX THE ASSUMPTION OF SCALE-INVARIANT PRIMORDIAL
PERTURBATIONS BY INTRODUCING A RUNNING OF THE SPECTRAL INDEX (s




DATA

PLANCK 2018 (TT TE EE)

TEMPERATURE AND POLARIZATION LIKELIHOOD WHICH ALSO INCLUDES
LOW MULTIPOLE DATA (L < 30)

ATACAMA COSMOLOGY TELESCOPE (ACT)

DR4 LIKELIHOOD AND A GAUSSIAN PRIOR ON T = 0.065x0.015

A&« POLE
L\ SOUTH POLE TELESCOPE (SPT)

2\ \\

TE MEASUREMENTS AND A GAUSSIAN PRIOR T = 0.065x0.015

WMAP

9-YRS OBSERVATIONS, ALWAYS COMBINED WITH ACT OR SPT

CMB-INDEPENDENT DATASET

WE TEST THE ROBUSTNESS OF RESULTS BY ADDING CMB-INDEPENDENT
ASTROPHYSICAL OBSERVATIONS SUCH AS BAO AND SNIA DISTANCE
MODULI MEASUREMENTS FROM THE PANTHEON SAMPLE




GENERAL RESULTS

IN COLLABORATION WITH:
E. DI VALENTINO, A. MELCHIORRI, J. SILK




BACKGROUND PARAMETERS

Tension with SHOES

Planck (TT TE EE)

ACT(+WMAP) -~ IN EXTENDED COSMOLOGIES, HO IS OFTEN POORLY

CONSTRAINED BY THE CMB DATA AND TENSION IS
ALLEVIATED DUE TO THE LARGE ERROR-BARS

EXPANSION RATE (Ho)

wCDM + €,
wCDM + Qi + ) m, ~ WHEN THE DIFFERENT CMB OBSERVATIONS ARE
COMBINED WITH ASTROPHYSICAL DATASETS THE
ERRORS ARE TYPICALLY REDUCED AND THE TENSION
ACDM + Q; + 2 m, INCREASED.
- NOT A SOLUTION, BUT THE VALUES OF Ho INFERRED
. FROM THE CMB DATA IS LARGELY SENSITIVE TO THE

wCDM + Q; + ), my + Neg
/ UNDERLYING COSMOLOGICAL MODEL
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BACKGROUND PARAMETERS

Evidence for a closed Universe

Planck (TT TE EE)
e ACT (+WMAP) CURVATURE (Q«)

-~ THE PLANCK PREFERENCE FOR A CLOSED UNIVERSE
IS NOT REDUCED IN EXTENDED COSMOLOGIES.
wCDM + Qk
-~ BOTH ACT AND SPT DATA (COMBINED WITH

WMAP), REMAIN CONSISTENT WITH SPATIAL
wCDM + Q; + > m, ACDM + Qi + ). m, FLATNESS.

-~ THIS MAY LEAD WEIGHT TO THE HYPOTHESIS OF
SOME UNACCOUNTED FOR SYSTEMATIC IN THE
PLANCK DATA (?])

wCDM + Qi + Y my, + Negg

55 35 ACDM + €

wCDM + Qi + > m, + a; wCDM + Q; + Y m, + Negr + a;

wCDM + Q; + Negr + o




NEUTRINOS AND EARLY UNIVERSE RADIATION

ACT (+WMAP) evidence for massive neutrinos

=#= ACT (+WMAP) NEUTRINOS (My)

- PLANCK AND SPT (+WMAP) ARE GENERALLY
CONSISTENT WITH MASSLESS NEUTRINOS WITHIN

wCDM + Q. + ) my, + Negg wCDM + Q; + Y m, ABOUT ONE STANDARD DEVIATION.

~ FOR BOTH THESE DATASETS INCLUDING
ASTROPHYSICAL OBSERVATIONS ONLY GIVES MORE
CONSTRAINING MASS LIMITS.

- ACT (COMBINED WITH WMAP) ALWAYS SHOWS A
MODERATE-TO-STRONG PREFERENCE FOR MASSIVE

ACDM + Qi + ) m, NEUTRINOS (2.50 — 40)

wCDM + Y m, + Negr + a
30 40

- WHEN WE ADD BAO AND PANTHEON, THIS
EVIDENCE, ALTHOUGH SLIGHTLY REDUCED, CAN BE
STILL OBSERVED, PRODUCING AN INTERESTING
INDICATION FOR MASSIVE NEUTRINOS.

wCDM + Qi + ) m, + a; wCDM + Q; + Y m, + Ner +




WCDM + Qi + > my + Negr + Qs

WCDM + D my + Nefr + Qs

WCDM + Qg + D my + Nesr

NEUTRINOS AND EARLY UNIVERSE RADIATION

- SM
H  Planck2018 (+BAO)
H  ACT (+WMAP/BAO)

RADIATION ENERGY DENSITY (Neff)
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- PLANCK AND SPT (As WELL AS THEIR COMBINATION

WITH BAO AND PANTHEON) ARE IN GOOD
AGREEMENT WITH THE VALUE PREDICTED BY
STANDARD MODEL (SM)

-~ ACT SHOWS A PREFERENCE FOR A SMALLER

AMOUNT OF RADIATION IN THE EARLY UNIVERSE,
WITH A STATISTICAL SIGNIFICANCE THAT CHANGES

BETWEEN 1.80 AND 30

~ THIS INDICATION REMAINS INCLUDING

ASTROPHYSICAL OBSERVATIONS




DARK ENERGY

Preference for Phantom Dark Energy

Planck (+Pantheon)
=== ACTPol (+WMAP +Pantheon) DARK ENERGY EOS (W)

~ THE DIFFERENT CMB DATA POORLY CONSTRAIN THE
DARK ENERGY EQUATION OF STATE IN EXTENDED
PARAMETER-SPACES AND, BECAUSE OF THE LARGE
ERROR-BARS, THE RESULTS ARE TYPICALLY
CONSISTENT WITH A COSMOLOGICAL CONSTANT

wCDM + Qi + Y m, + «;

- COMBINING THE CMB DATA WITH BAO
MEASUREMENTS THE CONSTRAINTS USUALLY
SHRINK AROUND w=-1

~ CONSIDERING PANTHEON IN COMBINATION WITH THE
CMB DATA, FROM PLANCK AND ACT WE OBSERVE A
MILD PREFERENCE FOR PHANTOM DARK ENERGY (W
< —1) AT A STATISTICAL LEVEL RANGING BETWEEN

1.50 AND 2.50

wCDM + Q) + Negr + oy wCDM + Y m, + Negr + a;

30

wCDM + Qi + Y. my + Negr +




Bs

ACDM + a, + p

0.05

0.00

INFLATION

B Planck

Bl ACT (+WMAP)
RUNNING(S) OF THE SPECTRAL INDEX

- IN THE VAST MAJORITY OF THE MODELS ANALYZED THE
RESULTS REMAIN CONSISTENT WITH A VANISHING
RUNNING

-~ THIS SUGGESTS THAT THE ACT PREFERENCE FOR A
POSITIVE RUNNING CAN BE EASILY RECAST IN DIFFERENT
COSMOLOGICAL PARAMETERS

~ HOWEVER FOCUSING ONLY ON INFLATIONARY EXTENSIONS
AND INCLUDING ALSO THE RUNNING OF THE RUNNING,

THE ACT PREFERENCE FOR A TILTED SPECTRUM BECOME
VERY STRONG (30)




CONCLUSIONS AND OUTLOOK

THE SITUATION IS QUITE INTRIGUING AND NOT COMPLETELY CLEAR

- PLANCK DATA PREFER A CLOSED UNIVERSE, ACT AND SPT (+WMAP) DON’T

- ACT (+ WMAP) DATA PREFER MASSIVE NEUTRINOS, PLANCK AND SPT (+WMAP) DON’T

- ACT (+ WMAP) DATA PREFER LESS RADIATION W.R.T. THE SM, PLANCK AND SPT (+WMAP) ARE IN GREAT AGREEMENT WITH Neff =3.04
- ACT (+ WMAP) AND PLANCK BOTH PREFERS PHANTOM DE WHEN COMBINED WITH PANTHEON

- ACT (+ WMAP) PREFERS A POSITIVE RUNNING(S) OF THE SPECTRAL INDEX IN SOME MODELS (BUT NOT IN OTHERS), PLANCK AND SPT DON’T

DIFFERENT CMB EXPERIMENTS ARE IN MODERATE DISAGREEMENT ALSO IN EXTENDED MODELS (2-3 0)

OBSERVATIONAL SYSTEMATICS OR NEW PHYSICS BEYOND ACDM?

OUR ANALYSIS IS NOT CONCLUSIVE, BUT IT REVEALS INTRIGUING HINTS THAT NEED FURTHER INVESTIGATIONS AND MORE PRECISE CMB MEASUREMENTS
FORM NEXT-GEN EXPERIMENTS MAY HELP

THANK YOU FOR THE ATTENTION



BACKUP SLIDES



ACT ANOMALIES IN ACDM

ACT
ACT ACT+WMAP ACT
ACT+WMAP ACT+WMAP
ACT+WMAP+ext
1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 —0.05 0.00 0.05 0.10 0.15 0.20

N st >m,[eV] dn</dInk

Simone Aiola et al JCAP12(2020)047



WCDM + Qg + D my + Nefr + Qs
WCDM + Qi + Ness + O

WCDM + Qg + va + s
WCDM + D my + Nefr + as
WCDM + Qg + > my, + Neg
WCDM + Qg + > my,

WCDM + Q

ACDM + Qg + D> m,

MATTER CLUSTERING PARAMETERS

- Planck2018
- ACT (+WMAP)

e

e
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58 = O'g\/Qm/O.3

1.0

1.1

MATTER CLUSTERING (Ss)

~ THE PLANCK DATA SHOW A SYSTEMATIC PREFERENCE

FOR Ssg = 0.9, IN DISAGREEMENT WITH COSMIC
SHEAR SURVEYS

~ THIS PREFERENCE IS ONLY PARTIALLY SUPPORTED

BY THE ATACAMA COSMOLOGY TELESCOPE AND
SOUTH POLE TELESCOPE DATA THAT, FOR MANY
MODELS, SUGGEST INSTEAD Sg ~ 0.7 — 0.8, IN LINE
WITH COSMIC SHEAR MEASUREMENTS.



WCDM + Qg + > my + Neg + s
WCDM + Qi + Nefs + Qs

WCDM + Qg + > my, + ds
WCDM + D> my, + Nefr + Qs
WCDM + Qx4+ » my, + Neg
wCDM + Qp + va

WCDM + Qg

ACDM + Qi + > my,

MATTER CLUSTERING PARAMETERS

=

= ACT (+WMAP)

Planck2018

MATTER DENSITY ( Onw AND 08 )

0.9

1.0

HOWEVER DIFFERENT VALUES OF Ss OFTEN RECAST
DISCORDANT BEHAVIORS FOR THE PARAMETER 0Os AND
THE MATTER DENSITY Qn

- (Om IS VERY BADLY CONSTRAINED IN EXTENDED
COSMOLOGIES AND WE OBSERVE A SHIFT TOWARDS
HIGHER VALUES FROM ALL THE CMB DATA.

~ THIS SHIFT IS USUALLY COMPENSATED BY A

PREFERENCE FOR SMALLER Os8 IN ACT AND SPT,
BUT NOT IN PLANCK.

-~ INCLUDING BAO AND PANTHEON MEASUREMENTS,
WE INSTEAD RECOVER FAMILIAR VALUES OQn ~ 0.3
AND THUS SMALLER Ss



GLOBAL CONSISTENCY BETWEEN EXPERIMENTS

Global tension
Planck vs ACT
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